
Blood and lymphatic vessels together form a circula-
tory system, which allows the transportation of metabolic
substances, cells, and proteins in the body. A major role
of the lymphatic vasculature is to return an excess of the
protein-rich interstitial fluid to the blood circulation. In
addition, the lymphatic vasculature is an important part of
the immune system, as it filters lymph and its antigens
through the lymph nodes. Lymphatic vessels also serve as
one of the major routes for absorption of lipids from the
gut (Witte et al. 2001). Until recently, studies of the lym-
phatic vessels were hampered due to the lack of specific
markers, but recently several such markers have been
identified. In addition, recent studies have indicated an
important role for the lymphatic vessels in certain devel-
opmental disorders, such as lymphedema, and as a route
for the metastasis of malignant tumors. These findings
have brought lymphatic vascular biology to the forefront
of cardiovascular research.

Two members of the vascular endothelial growth factor
(VEGF) family of growth factors, VEGF-C and VEGF-D,
have been shown to stimulate the growth of lymphatic
vessels via the lymphatic endothelial cell receptor,
VEGFR-3 (Jeltsch et al. 1997; Veikkola et al. 2001). Al-
though VEGFR-3 is required for the development of the
blood vascular system during early embryonic develop-
ment, later on its expression becomes restricted to lym-
phatic endothelial cells and it thus serves as a marker of
these cells in adult tissues (Kaipainen et al. 1995; Dumont
et al. 1998). Recent studies demonstrate that VEGFR-3
and its ligands are involved in the development of lym-
phedema and lymphatic metastasis (for review, see
Karkkainen et al. 2001a; Karpanen and Alitalo 2001).

Studies in our laboratory have been targeted to the
molecular mechanisms regulating the development and
growth of the lymphatic vessels, concentrating on the role
of the VEGFR-3 signal transduction pathway in these
processes. We have shown that VEGFR-3 mediates sig-
nals for the proliferation, survival, and migration of lym-
phatic endothelial cells and demonstrated that VEGFR-3
function is required for the normal development of the
lymphatic vasculature (Mäkinen et al. 2001a,b). Blocking
of VEGFR-3 signaling inhibited specifically fetal lym-
phangiogenesis without affecting blood vessel develop-
ment, indicating that distinct molecular mechanisms con-
trol the development of the two vascular systems. To find
the basis for such a specificity in signaling, we have now
extended our studies to the characterization of the genetic
programs that determine the identities of blood vascular
and lymphatic endothelial cells. Our studies give new in-

sights into the phenotypic diversity of endothelial cells
and reveal new potential vascular markers, some of which
could provide important targets for the treatment of dis-
eases characterized by abnormal angiogenesis or lym-
phangiogenesis.

DEVELOPMENT OF THE LYMPHATIC
VASCULATURE

During embryogenesis, the cardiovascular system is
the first functional organ system, and its development and
growth are essential for the growth of the embryo. The
endothelial cells lining the blood vessels differentiate
from mesodermal precursor cells, angioblasts, to form a
primitive vascular network in the process called vasculo-
genesis (Risau and Flamme 1995; Risau 1997). The prim-
itive plexus of homogeneously sized endothelial tubes is
then extensively remodeled into a more mature vessel
network consisting of a hierarchy of larger and smaller
blood vessels (Fig. 1). This remodeling occurs both by re-
gression of some vessels and by angiogenesis, which con-
sists of the sprouting, splitting, or fusion of preexisting
vessels to adjust the vascular density according to the
metabolic requirements of the respective tissue or organ
(Risau 1997; Carmeliet 2000). Already before the onset
of the blood circulation, the endothelial tubes are speci-
fied as two parallel but distinct vascular networks, the ar-
teries and the veins. The normal sprouting and branching
of the maturing vasculature is accompanied by repulsive
signals that prevent arteries and veins from fusing to-
gether. Soon after the formation of the vessels, endothe-
lial tubes become surrounded by pericytes or vascular
smooth muscle cells (Fig. 1). Pericytes and endothelial
cells share a common basement membrane (BM) con-
taining fibronectin, laminin, collagens, and heparan sul-
fate proteoglycans. The composition of the vascular BM
varies depending on the type of the vessel and on the tis-
sue environment. Failure to form a proper BM can lead to
decreased pericyte adhesion and migration and to defects
in vessel stability, indicating an important role for the BM
in normal vascular development (Beltramo et al. 2002;
Thyboll et al. 2002).

The lymphatic vessels arise after the establishment of
the blood circulatory system. In the early 20th century,
Florence Sabin described the growth of lymphatic vessels
in the pig fetus as centrifugal sprouting from the lymph
sacs which are formed in the vicinity of certain fetal veins
(Sabin 1902,1909). Recent molecular biological data sup-
port Sabin’s theory of the venous origin of lymphatic ves-
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sels (Dumont et al. 1998; Wigle and Oliver 1999; Wigle
et al. 2002). A homeobox transcription factor Prox-1 has
been found to have an important role in the formation of
the lymph sacs by endothelial cell sprouting from the
veins. At the stage when lymphatic development starts,
Prox-1 is expressed in a subpopulation of endothelial
cells of the anterior cardinal vein. These cells then mi-
grate out and give rise to the lymphatic endothelial cells
(Wigle and Oliver 1999). Targeted inactivation of Prox-1
leads to the arrest of the lymphatic endothelial budding
process, whereas blood vessel development is not af-
fected (Wigle and Oliver 1999).

Another old theory postulates that the lymphatic en-
dothelial cells are derived from mesenchymal precursor
cells (Huntington and McClure 1908; Kampmeier 1912).
This theory is supported by the recent finding of these
precursors, lymphangioblasts, in avian embryonic mes-
enchyme (Schneider et al. 1999; Papoutsi et al. 2001).
Therefore, at least during embryogenesis, both the
sprouting lymphangiogenesis and the mesenchymal cell
differentiation into lymphatic endothelial cells may con-
tribute to the formation of the lymphatic vessels (Fig. 1).

MOLECULAR REGULATION OF
LYMPHANGIOGENESIS

VEGF, acting mainly via the VEGFR-1 and VEGFR-2
receptor tyrosine kinase receptors, is one of the most im-
portant regulators of both physiological and pathological
angiogenesis (for review, see Ferrara 1999). In contrast,
two other members of the VEGF family, VEGF-C and
VEGF-D, have been shown to induce the growth of lym-
phatic vessels via the lymphatic endothelial cell receptor

VEGFR-3 (Jeltsch et al. 1997; Veikkola et al. 2001).
VEGF-C and VEGF-D are expressed as prepro-proteins
which are proteolytically processed into polypeptides
with increasing affinity toward VEGFR-3, and only their
fully processed forms can bind to and activate VEGFR-2
(Joukov et al. 1997; Stacker et al. 1999). During embry-
onic development, VEGF-C is expressed in the mes-
enchyme surrounding the developing lymphatic vessels
(Kukk et al. 1996). This suggested its possible role in the
regulation of lymphangiogenesis. Subsequently, both
VEGF-C and VEGF-D were shown to induce lymphatic
growth in vivo (Jeltsch et al. 1997; Oh et al. 1997; Veik-
kola et al. 2001) and to induce the proliferation and mi-
gration of (lymphatic) endothelial cells in vitro (Mar-
concini et al. 1999; Mäkinen et al. 2001b). At higher
concentrations and under specific conditions, these fac-
tors can also stimulate the proliferation and migration of
blood vascular endothelial cells and increase vascular
permeability and angiogenesis (Joukov et al. 1997; Oh et
al. 1997; Witzenbichler et al. 1998; Mäkinen et al.
2001b). The VEGF-C/D-induced effects on blood vessel
endothelium are presumably mediated via VEGFR-2 ac-
tivation, suggesting an important role for specific prote-
olytic enzymes in regulating the lymphangiogenic versus
angiogenic potentials of VEGF-C and VEGF-D.

VEGFR-3 is first expressed in developing blood ves-
sels and is required for normal vascular development
before midgestation. In the absence of VEGFR-3, the
embryos undergo normal vasculogenesis, but the remod-
eling and maturation of primary vascular networks is de-
fective, which leads to death in utero around E10 (Du-
mont et al. 1998). However, after the formation of the
lymphatic vessels, VEGFR-3 is detected almost exclu-
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Figure 1. Development of the embryonic blood and lymphatic vessels. During vasculogenesis the endothelial precursor cells, an-
gioblasts, form a primitive capillary plexus which is then further remodeled via angiogenesis. Vessel stabilization requires the recruit-
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cursor cells. (Adapted, with permission, from Alitalo and Carmeliet 2002 [copyright Elsevier Science].)
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Neutralizing levels of circulating soluble VEGFR-3-Ig
protein were also associated with a transient loss of lym-
phatic vessels in several internal organs of the neonatal
transgenic mice. However, after three weeks of age, par-
tial regeneration of the lymphatic vessels was observed,
suggesting that alternative pathways may be involved in
mediating the growth of the lymphatic vessels. For ex-
ample, the maturing extracellular matrix may provide sig-
nals for the survival and proliferation of lymphatic en-
dothelial cells, and new lymphatic vessels may grow
alongside the existing blood vessels while receiving
growth signals from them. Infection of newborn mouse
pups with a VEGFR-3-Ig-encoding adenovirus resulted
also in the regression of the lymphatic vessels, but the
vessels regenerated in a few weeks despite the high serum
levels of the VEGFR-3-Ig protein (T. Karpanen et al., un-
publ.). However, in adult mice AdVEGFR-3-Ig failed to
induce the regression of normal lymphatic vessels
(Karpanen et al. 2001 and unpubl.; He et al. 2002). These
results suggest that the lymphatic vessels undergo some
type of maturation process, after which their growth and
survival may no longer be dependent on VEGF-C/D. Per-
icyte recruitment is known to act as a signal for blood ves-
sel maturation, after which the endothelial cells can sur-
vive in the absence of VEGF (Benjamin et al. 1998).

Recent studies indicate a significant interplay between
the angiopoietins and VEGFs in the formation of the
blood and lymphatic vessels. Low VEGF levels com-
bined with high expression of Ang-2 lead to vascular re-
gression, whereas Ang-1 and VEGF seem to cooperate in
promoting angiogenesis. Interestingly, Ang-1 protects
the vasculature against VEGF-induced plasma leakage
(Thurston et al. 1999, 2000). On the other hand, Ang-2
may be involved in the regulation of lymphangiogenesis,
since inactivation of the Ang2 gene leads to nonfunctional
and disconnected lymphatic vessels in mouse embryos
(Gale et al. 2002). Cross-regulation also exists, as both
VEGF and VEGF-C increase Ang-2 mRNA in endothe-
lial cells (Mandriota and Pepper 1998; Oh et al. 1999; T.
Veikkola et al., in prep.).

LYMPHATIC VESSELS IN TUMORS AND
LYMPHATIC METASTASIS

Tumor metastasis by direct invasion or via blood or
lymphatic vessels is one of the leading causes of death in
cancer patients (Plate 2001). Although hematogenous
metastasis via blood vessels is well recognized, for many
tumors the most common pathway for metastatic spread
is via the lymphatic vessels. In addition, the lymphatic
spread of tumor cells to regional lymph nodes is an indi-
cator of tumor aggressiveness. In general, it is thought
that a high interstitial pressure of tumors prevents the
growth of lymphatic vessels into the tumor cell mass
(Carmeliet and Jain 2000). However, the studies of the in-
volvement of the lymphatic vessels in tumor growth were
hampered for a long time due to absence of specific mark-
ers of the lymphatic endothelium.

Several experimental studies have recently demon-
strated an important role for lymphatic vessels as a route

sively in the lymphatic endothelium (Kaipainen et al.
1995; Dumont et al. 1998). Because the VEGFR-3–/– em-
bryos die before the emergence of the lymphatic vessels,
these mice did not provide any information on the role of
VEGFR-3 in the development of lymphatic vessels (Du-
mont et al. 1998). To address this question, we used a sol-
uble VEGFR-3 as a competitive inhibitor of the VEGF-
C/D - VEGFR-3 signaling (Fig. 2). Mice expressing a
soluble VEGFR-3 immunoglobulin-fusion protein in the
skin keratinocytes were found to be devoid of the dermal
lymphatic vessels whereas the blood vasculature re-
mained normal, showing a strikingly specific effect on
the lymphatic endothelium (Mäkinen et al. 2001a). The
early development of the lymphatic vasculature was not
disturbed in the transgenic mice. However, in parallel
with a significant increase in transgene-encoded protein
expression, the dermal lymphatic vessels regressed in the
transgenic embryos via apoptosis of lymphatic endothe-
lial cells. Therefore, our results suggest that continuous
VEGFR-3 signaling is required not only for the prolifer-
ation, but also for the survival, of the lymphatic endothe-
lial cells and thus for both the development and mainte-
nance of the lymphatic vasculature during embryonic
development.
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Figure 2. Inhibition of VEGFR-3 signaling by the transgenic
expression of a soluble VEGFR-3-immunoglobulin (Ig)-fusion
protein. Visualization of dermal blood and lymphatic vessels in
wild-type and transgenic mice. Inhibition of VEGFR-3 signal-
ing leads to a specific inhibition of lymphangiogenesis.
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for tumor metastasis. Overexpression of the VEGFR-3
ligands, VEGF-C or VEGF-D, in tumor cells induced
lymphangiogenesis in the tumor periphery, and in some
cases also intralymphatic tumor growth and metastasis
were obtained. These studies were done using transfected
cells (Karpanen et al. 2001; Skobe et al. 2001; Stacker et
al. 2001) or transgenic mice (Mandriota et al. 2001), but
correlation of VEGF-C expression with increased lym-
phatic metastasis has also been reported in several human
cancers (Ohta et al. 1999; Tsurusaki et al. 1999; Yone-
mura et al. 1999). In addition, when highly metastatic hu-
man tumor cells were selected in mice by serial selection
via the lymph nodes, the selected cells expressed en-
hanced levels of VEGF-C (He et al. 2002). These studies
suggest that VEGF-C- or VEGF-D-secreting tumors can
activate the lymphatic vessels, which may then facilitate
metastasis of tumor cells. Interestingly, tumor lymphan-
giogenesis and metastasis were inhibited by blocking
VEGF-C or VEGF-D signaling by neutralizing antibod-
ies against VEGFR-3 or by soluble VEGFR-3 protein
(Karpanen et al. 2001; Stacker et al. 2001; He et al. 2002).
This suggests that inhibition of VEGFR-3 signaling may
provide a novel strategy to inhibit metastasis via lym-
phatic vessels.

LYMPHEDEMA

Lymphedema is a disorder characterized by insuffi-
ciency of the lymphatic system, which leads to accumu-
lation of a protein-rich fluid in the tissues and to a disfig-
uring and disabling swelling of the extremities. In the
chronic condition the patients also suffer from tissue fi-
brosis, adipose degeneration, impaired wound healing,
and susceptibility to infections (Witte et al. 2001). Non-
inherited secondary or aquired lymphedema develops
when the lymphatic vessels are damaged, for example, by
surgery or radiation therapy, or obstructed by filarial in-
fection. Inherited primary lymphedema is usually due to
hypoplasia or aplasia of the superficial or subcutaneous
lympatic vessels.

In some families of hereditary lymphedema, heterozy-
gous missense mutations were found in the VEGFR-3
gene. All the lymphedema-associated mutations inacti-
vated the tyrosine kinase domain and therefore led to in-
sufficient VEGFR-3 signaling (Irrthum et al. 2000;
Karkkainen et al. 2000). However, primary lymphedemas
are a heterogeneous group of disorders that are some-
times associated with additional malformations in other
organs. Linkage to other genes has been found, although
in some cases none has yet been identified. Genetically
modified mouse mutants have provided important tools
for the studies of molecular mechanisms involved in lym-
phatic growth and in the development of lymphedema
(Table 1). A mouse model for human primary lym-
phedema was obtained using N-ethyl-N-nitrosourea-in-
duced chemical mutagenesis. As in human lymphedema,
heterozygous mice carrying an inactivating missense mu-
tation in the VEGFR-3 gene had hypoplastic dermal lym-
phatic vessels (Karkkainen et al. 2001b). In addition, the

mice had leaky intestinal lymphatics, which resulted in
accumulation of intraperitoneal chylous fluid after suck-
ling. Since the mice carrying only one functional
VEGFR-3 allele appeared normal (Dumont et al. 1998),
whereas the tyrosine kinase inactivating mutation was re-
sponsible for lymphedema, the phenotype was consid-
ered to arise due to a “dominant-negative” effect by the
kinase inactive receptor. Despite this, gene therapy using
adenoviral VEGF-C induced lymphangiogenesis in the
lymphedema mice, suggesting its therapeutic application
also for the human disease (Karkkainen et al. 2001b). The
absence of dermal lymphatic vessels in the K14-VEGFR-
3-Ig mice was associated with fibrosis, increased fluid ac-
cumulation in the skin and subcutaneous tissue, and
swelling of the feet (Mäkinen et al. 2001a). This pheno-
type thus resembles human lymphedema, and the data
support the view that defective VEGFR-3 signaling can
cause the disease.

We have evidence that VEGFR-3 haploinsufficiency
can cause a lymphedema-like phenotype in mice (T.
Mäkinen and K. Alitalo, unpubl.). The dependence of the
phenotype on the genetic background resembles the ob-
served variability in the penetrance of human lym-
phedema and suggests that genes modulating, e.g.,
VEGFR-3, signaling pathways may significantly con-
tribute to the development of the disease. Similar genetic
background-dependent lymphatic phenotype, determined
by accumulation of chylous ascites, has been previously
observed in mice deficient of transcription factor Sox18
(Pennisi et al. 2000). In endothelial cells, Sox18 interacts
with a MADS-family transcription factor MEF2C, which
potentiates its transcriptional activity (Hosking et al.
2001). Interestingly, targeted mutagenesis of MEF2C
leads to a similar phenotype as observed in the VEGFR-
3-deficient mice. MEF2C-deficient embryos die at
E9.5–10 due to defects in the remodeling of the vascula-
ture and abnormal endocardiogenesis (Lin et al. 1998; Bi
et al. 1999). Although the endocardial defects may be
caused by a significant decrease in Ang-1 and VEGF ex-
pression in the myocardium (Bi et al. 1999), decreased
VEGFR-3 expression may contribute to the failure in vas-
cular remodeling. In line with this hypothesis, the
VEGFR-3 promoter region contains a conserved binding
motif for MEF2 (Iljin et al. 2001). Therefore, both Sox18
and MEF2C may participate in a common transcriptional
program involved in the development of the lymphatic
vasculature.

MOLECULAR IDENTITY OF LYMPHATIC
VERSUS BLOOD VASCULAR 

ENDOTHELIAL CELLS

In addition to neovascularization, the endothelium has
a variety of other important functions in, e.g., regulation
of the vascular tone, maintenance of the blood-brain bar-
rier, and inflammatory responses. For example, endothe-
lial cells recruit leukocytes to inflammatory foci, and spe-
cialized endothelial cells are responsible for the homing
of lymphocytes to the secondary lymphoid organs (Bie-
dermann 2001). Reflecting such functional diversity, the
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antigenic profile of the vascular endothelium varies in
different types of vessels and in different organs.

Lymphatic marker identification has enabled detailed
studies of the lymphatic vessels during the last few years.
These lymphatic endothelium-specific molecules include
VEGFR-3 receptor tyrosine kinase, the Prox-1 transcrip-
tion factor, the hyaluronen receptor LYVE-1, and the
membrane mucoprotein podoplanin (Table 2) (Jussila et
al. 1998; Banerji et al. 1999; Breiteneder-Geleff et al.
1999; Wigle and Oliver 1999). None of these molecules
is specific for endothelial cells and, on the other hand,
they may be expressed only in a subset of the lymphatic
vessels. In addition, the function of many of these
molecules in lymphatic endothelial cell biology remains
to be characterized.

Identification of differentially expressed genes be-
tween blood vascular and lymphatic endothelial cells
may provide new potential vascular markers and also

give a better understanding of the structural and func-
tional properties of these cells. In our studies, we have
found that the microvascular endothelial cell cultures
consist of distinct lineages of blood vascular and lym-
phatic endothelial cells (Fig. 3). The lymphatic endothe-
lial cells (LECs) grew in distinct islands surrounded by
blood vascular endothelial cells (BECs). We used anti-
bodies against VEGFR-3 or podoplanin and magnetic mi-
crobeads for the separation of BECs and LECs, which
were then grown as separate cell cultures (Mäkinen et al.
2001b). No interconversion between the cell types was
detected in these cultures. In an independent study by
Kriehuber et al. (2001), the BECs and LECs were sepa-
rated from dermal cell suspensions by flow cytometry us-
ing antibodies against podoplanin and CD34 (Kriehuber
et al. 2001). In agreement with our results, their studies
demonstrated that the LECs and BECs constitute stable
and specialized EC lineages.
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Table 1. Mouse Mutants Having a Lymphatic Phenotype

Mouse
Gene modela Lymphatic phenotype Lethalityb Reference

Prox-1 KO defective lymphatic sprouting and E14.5 Wigle and Oliver (1999)
differentiation (–/–)

accumulation of chylous ascites (+/–) P2-3
Integrin α9 KO chylothorax (–/–) P6-12 Huang et al. (2000)
Ang-2 KO disconnected lymphatic vessels, accumulation N. Gale et al. (pers. comm.)

of chylous ascites
VEGFR-3 Mut accumulation of chylous ascites, hypoplasia viable Karkkainen et al. (2001b)

(kinase dead) of dermal lymphatic vessels (+/mut)
Net transcription Mut chylothorax (mut/mut) P2 Ayadi et al. (2001)

factor (loss of the Ets 
DNA-binding 

domain)
Sox18 Mut accumulation of chylous ascites (mut/mut) before Pennisi et al. (2000)

transcription (truncated weaning
factor trans-activation

domain) 
VEGF-C TG hyperplasia of dermal lymphatic vessels viable Jeltsch et al. (1997)

(K14 promoter) 
(insulin promoter) hyperplasia of lymphatic vessels around the viable Mandriota et al. (2001)

islets of Langerhans
VEGF-D TG hyperplasia of dermal lymphatic vessels viable Veikkola et al. (2001)

(K14 promoter) 

VEGFR-3-Ig TG lack of dermal lymphatic vessels viable Mäkinen et al. (2001a)
(VEGF-C/D (K14 promoter)
“trap”)
aKO = knock-out (gene inactivation), Mut = mutagenesis (chemically induced, VEGFR-3) / gene-targeted (Net) / spontaneous

(Sox18), TG = transgenic (gene overexpression).
bE = embryonic day, P = postnatal day.

Table 2. Examples of Lymphatic Endothelial Cell Markers

Protein Function Reference

VEGFR-3 receptor tyrosine kinase; development of blood vasculature, Jussila et al. (1998);
proliferation, survival and migration of LECs Mäkinen et al. (2001a,b)

LYVE-1 lymphatic hyaluronan receptor Banerji et al. (1999)
Prox-1 homeobox transcription factor; differentiation of LECs Wigle and Oliver (1999)
Desmoplakin I and II intercellular adherens junction molecule Ebata et al. (2001)
Podoplanin integral membrane protein Breiteneder-Geleff et al. (1999)
D6 β-chemokine receptor Nibbs et al. (2001)
Macrophage mannose receptor I endocytotic/phagocytotic receptor in macrophages Irjala et al. (2001)

 Cold Spring Harbor Laboratory Press on May 18, 2016 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


After establishing the isolation and culture of BECs
and LECs, we have addressed the question of the genetic
program controlling the identity of these two cell lineages
using a gene profiling approach. We have identified so far
about 300 genes that are differentially expressed between
the cultured BECs and LECs (Petrova et al. 2002). The
most striking differences were detected in genes that are
involved in cytoskeletal and cell–cell or cell–matrix in-
teractions, as well as in the expression of proinflamma-
tory cytokines and chemokines.

Prox-1 AS A FATE-DETERMINING FACTOR
FOR LYMPHATIC ENDOTHELIAL CELLS

Homeodomain transcription factors are important reg-
ulators of cellular fates and development. Gene-targeting
studies have demonstrated that the Prox-1 homeobox
transcription factor has a crucial role in the development
of the lymphatic vasculature (Wigle and Oliver 1999).
Prox-1 was found to be expressed specifically in the cul-
tured LECs. However, when introduced into the BECs
using adenoviral gene transfer, Prox-1 induced the ex-
pression of certain lymphatic-specific genes, including
VEGFR-3 (Petrova et al. 2002). Interestingly, Prox-1
overexpression also resulted in the suppression of ~40%
of the genes characteristic of the BECs. These results
show that Prox-1 is able to reprogram gene expression in
BECs toward the identity of LECs and suggest a role for
Prox-1 as one of the fate-determining factors for the
LECs.

Our findings and those reported by Wigle et al. (2002)
suggest that in the absence of Prox-1 the default endothe-
lial cell differentiation state corresponds to the blood en-
dothelial phenotype and that Prox-1 is required for the es-

tablishment of lymphatic endothelial cell identity. These
results help to explain the defective lymphatic differenti-
ation and sprouting observed in the Prox-1 null mice
(Wigle and Oliver 1999). The first lymphatic sprouts nor-
mally bud from the anterior cardinal vein at E10.5, but
this budding is arrested in Prox-1–/– embryos at E11.5. In
contrast to the wild-type embryos, in Prox-1–/ embryos
the endothelial cells that bud off from the cardinal vein at
E11.5–E12 do not express the lymphatic endothelial cell
markers VEGFR-3, LYVE-1, or SLC. Instead, the mutant
cells expressed blood vascular markers laminin and
CD34, suggesting that these cells were not committed to
the lymphatic endothelial cell lineage in the absence of
Prox-1 (Wigle et al. 2002).

Gene targeting also revealed that Prox-1 haploinsuffi-
ciency is associated with the accumulation of lymphatic
chylous fluid and neonatal death, suggesting that the level
of Prox-1 is critical for proper lymphatic development
(Wigle and Oliver 1999). We also found that Prox-1 up-
regulated the expression of genes associated with S-phase
progression (Petrova et al. 2002), suggesting that after the
differentiation of lymphatic endothelial cells, Prox-1 may
also be essential for the maintenance of their proliferation
during development.

CONCLUSIONS

Lymphatic vessels are essential for the maintenance of
normal fluid balance and immune surveillance, but they
also provide a pathway for metastasis in many types of
cancers. The VEGFR-3 receptor tyrosine kinase is ex-
pressed in the lymphatic endothelium and its
ligands;VEGF-C and VEGF-D induce lymphangiogene-
sis. VEGFR-3 mediates signals for the survival, migra-
tion, and proliferation of lymphatic endothelial cells, and
these signals are essential for the normal development of
the lymphatic vessels during embryonic development. In-
hibition of VEGFR-3 signaling by using a soluble
VEGFR-3 protein resulted in a specific and complete in-
hibition of lymphangiogenesis in a mouse model. Addi-
tionally, in tumor models the soluble VEGFR-3 specifi-
cally inhibited lymphangiogenesis and tumor spread via
the lymphatic vessels. In cancers that show lym-
phogenous metastasis, the blocking of the VEGFR-3 sig-
naling pathway may thus provide a useful strategy to in-
hibit metastasis.

Until now, only a few lymphatic endothelial cell lines
have been available for molecular biological studies, and
these cells were mainly derived from lymphatic tumors.
The ability to isolate and maintain primary cultures of
dermal blood vascular and lymphatic endothelial cells
(BECs and LECs, respectively) now allows the charac-
terization of the molecular properties of these cells. Using
gene expression profiling, we have identified genes that
distinguish these two cell lineages. We have also shown
that the homeobox transcription factor Prox-1 is involved
in the establishment of the molecular identity of the
LECs. Molecular discrimination of the blood vascular
and lymphatic vessels is essential in studies of diseases
involving these vessels and in the targeted treatment of
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Figure 3. Human dermal microvascular endothelial cells in cul-
ture. The lymphatic endothelial cells (stained in green using an-
tibodies against podoplanin) grow in distinct islands surrounded
by blood vascular endothelial cells. The nuclei of all cells have
been stained blue.
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such diseases. Thus the BEC- and LEC-specific
molecules may provide new targets for the treatment of
such diseases.

Further challenges in the lymphatic research include
the identification of new molecular regulators of lym-
phangiogenesis. The ability to isolate and to culture LECs
facilitates the cloning of novel LEC-specific genes, the
characterization of which should give us a better under-
standing of the mechanisms of lymphangiogenesis. The
functional analysis of the new lymphangiogenic regula-
tors may also give us novel insights into the pathogenesis
of diseases of the lymphatic system.
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